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ANNUAL  REPORT 
Contract  N00014-82-K-0496 


BACKGROUND 

Residual  stresses  are  those  contained  in  a  body  which  has  no  external 
traction  or  other  sources  of  stress,  such  as  thermal  gradients  or  body  forces. 
When  the  body  is  extrenally  loaded,  these  stresses  are  called  internal  stresses, 
and,  accordingly,  residual  stresses  may  be  considered  as  a  special  case  for 
vanishing  external  loads.  Residual  stresses  result  from  non-uniform  plastic 
deformation  which  includes  cold  working,  forming,  forging,  heat  treatment,  etc. 
Their  presence  in  manufactured  components  plays  an  important  role  in  determining 
the  behavior  of  the  component  when  it  is  subjected  to  service  loads  and  environ¬ 
ment.  It  has  also  been  shown  that  the  residual  stress  distribution  directly 
affects  the  growth  rate  and  frequency  of  formation  of  stress  induced  cracks  in 
steels. 

Only  in  the  case  of  surface  stresses  in  components  made  of  crystalline 
materials  can  nondestructive  evaluation  of  stresses  be  performed  by  the  X-ray 
diffraction  method.  Although  considerably  improved  in  the  last  ten  years, 
this  method  still  suffers  from  serious  problems  which  severely  restrict  its 
applications.  Ultrasonic  methods  appear  to  hold  the  best  promise  in  measure¬ 
ments  of  bulk  stresses  in  both  crystalline  and  non-crystalline  materials.  Cal¬ 
culations  have  shown  that  ultrasonic  velocity  changes  are  linear  functions  of 
applied  stress  and  combinations  of  second-  and  third-order  elastic  constants. 


L 
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In  the  application  of  these  calculations  to  determine  unknown  stresses,  both 
the  velocity  in  the  absence  of  stress  as  well  as  third-order  elastic  constants 
have  to  be  known  independently.  In  addition,  the  measured  velocity  strongly 
depends  on  microst ructural  features  which  makes  it  necessary  to  develop  a 
calibration  between  velocity  and  stress  in  order  to  be  used  in  the  determina¬ 
tion  of  unknown  stresses.  Development  of  prefered  orientations  (texture) 
during  deformation  or  fatigue,  severely  modify  the  third-order  elastic  constants. 
These  problems  can  be  sol\ed  when  the  differences  between  velocities  of  shear 
waves  polarized  perpendicular  and  parallel  to  stress  direction  are  used.  Due 
to  these  differences,  a  shift  in  phase  will  occur,  and  the  out-of-phase  components 
will  interfere  and  cause  a  change  in  intensity.  This  method,  however,  does 
not  have  at  present  enough  sensitivity,  and  requi res  an  accurate  determination 
of  the  shea?  velocity  in  the  absence  of  stress. 

Basically,  the  temperature  dependences  of  the  elastic  constants  are  due 
to  the  anharvnonic  nature  of  the  crystal  lattice,  and  can  be  related  to  the 
pressure  dependence  of  these  constants.  If  we  consider  the  isothermal  bulk 
modulus  By  to  be  a  function  of  pressure  and  temperature,  it  follows  that 


where  g  is  the  volume  coefficient  of  thermal  expansion.  Swenson  has  shown 
empirically  that  for  many  materials 
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and  it  can  be  shown  by  different iating  (B^  -  B^)  that  (1) 
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to  an  accuracy  of  a  few  percent*  Thus  it  follows  that  if  Swenson's  rule  is 
correct , 
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to  an  accuracy  of  a  few  percent.  The  right-hand  side  can  be  calculated  from 
the  measurements  of  the  temperature  dependence  of  the  second-order  elastic 
constants.  The  left-hand  side  is  calculated  from  the  third-order  elastic  con¬ 
stants  and  ectn*  (5)  is  then  expressed  as. 
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More  rigorous  relationships  can  be  derived  for  the  temperature  dependences  of 
longitudinal  and  the  shear  moduli  which  are  related  to  the  temperature  depen¬ 
dence  of  the  ultrasonic  velocity  v  as. 
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From  this  general  argument,  it  can  be  seen  that  the  temperature  dependence  of 
the  ultrasonic  velocity  (longitudinal  or  shear)  is  a  measure  of  the  anharmonic 
effects  generated  when  the  solid  is  subjected  to  a  stress.  Changes  in  the 
anharnionic  properties  due  to  the  presence  of  residual  stresses  can  therefore 
be  detected  by  the  changes  in  the  slope  of  the  relationship  between  the  ultra¬ 
sonic  velocity  and  the  temperature.  This  slope  can  be  determined  with  a  high 
accuracy  as  its  \alue  depends  only  on  measurements  of  the  relative  changes  in 
the  velocity  and  not  on  the  absolute  values.  Experiments  undertaken  on 
aluminum,  copper  and  A535B  steel  elastically  deformed  showed  that  the  ultra¬ 
sonic  velocity,  in  the  vicinity  of  room  temperature,  changed  linearly  with 
temperature,  and  the  slope  of  the  linear  relationship  changed  considerably  as 
the  amount  of  applied  stress  was  varied.  In  aluminum,  copper  and  steel,  the 
relative  changes  of  the  temperature  dependence  of  longitudinal  velocity  in¬ 
creased  respectively  by  25°*  at  a  stress  of  96  MPa,  by  6%  at  a  stress  of  180 
MPa,  and  by  15%  at  a  stress  of  240  MPa.  The  results  also  also  showed  that 
the  temperature  dependence  of  ultrasonic  velocity  (dV/dT)^  at  applied  stress 
o  may  be  represented  by  the  relationship. 


(dV/dT)o  -  (dV/dT)o 

W/*fT0 


(7) 
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where  (dV/dT)  is  the  temperature  dependence  at  zero  applied  stress  and  k  is 
a  constant.  The  accuracy  of  the  temperature  dependence  in  measuring  applied 
stress  is  estimated  to  be  ±18  MPa  in  aluminum,  ±25  MPa  in  copper  and  ±54  MPa 
in  steel. 

All  the  above  studies  have  been  performed  when  the  stress  is  applied  in 
a  direction  perpendicular  to  that  of  the  ultrasonic  wave  propagation.  In 
practice,  the  magnitude  as  well  as  the  direction  of  applied  or  residual  stress 
are  not  known.  In  order  to  apply  the  temperature  dependence  of  ultrasonic 
velocity  method  to  stress  measurements,  relationship  similar  to  that  expressed 
by  eqn.  (1)  should  be  available  for  stress  applied  parallel  as  well  as  per¬ 
pendicular  to  wave  propagation.  It  is  also  important  for  the  application  of 
the  method  that  the  theoretical  background  for  these  rel at ionships  is  established 
so  that  values  of  the  constant  k  in  eqn.  (1)  can  be  calculated  using  the 
solid  anharmonic  constants. 
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SUMMARY  OlkhSUl IS  AND  DISCUSSION 

*  The  research  on  this  contract  was  initiated  in  July  1982  in  order  to 
develop  the  method  of  the  temperature  dependence  of  ultrasonic  velocity  for 
the  nondestructive  evaluation  of  bulk  residual  stresses.  Results  previously 
obtained  on  aluminum,  copper  and  steel  have  shown  that  this  method  offers  a 
promising  possibility  for  measurements  of  bulk  stresses  in  these  materials. 

The  results  also  indicate  that  the  method  is  less  sensitive  to  variations 
caused  by  alloy  composition  and  perhaps  texture.  Two  objectives  have  been 
set  for  the  research  to  be  performed  during  the  first  year  of  this  program. 

The  first  objective  is  to  establish  experimental  relationships  between  the 
temperature  dependence  of  ultrasonic  velocity  and  stress  applied  in  a  direc¬ 
tion  parallel  to  and  perpendicular  to  that  of  wave  propagation.  These  re¬ 
lationships  are  to  represent  the  variations  of  the  temperature  dependence  when 
the  stresses  are  applied  in  tension  as  well  as  in  compression. 

Appendix  1  includes  two  papers  which  describe  the  results  obtained  on 
the  effects  of  applied  stress  on  the  temperature  dependence  of  ultrasonic 
longitudinal  velocity  in  aluminum  6061-T6.  The  first  paper  published  in 
the  Proceedings  of  the  1982  IEEE  Ultrasonic  Symposium,  deals  with  the  study 
performed  to  establish  the  relationship  between  ultrasonic  velocity  and 
compressive  stress  applied  perpendicular  to  wave  propagation.  The  results 
show  that  the  temperature  dependence  decreases  linearly  by  as  much  as  20% 
when  a  stress  of  80  MPa  is  applied  in  this  direction.  The  results  also  in¬ 
dicate  that  the  relative  changes  in  the  temperature  dependence  in  aluminum 
6061-T6  are  equal  to  those  previously  obtained  on  other  three  aluminum  alloys, 
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and  emphasise  the  insensitivity  of  the  tenperature  dependence  method  to  alloy 
compos it i on . 

The  second  paper  in  Appendix  1  which  appears  in  the  Proceedings  of  the 
14th  Symposium  on  NDE  (1983),  discusses  the  effects  of  stress  applied  in  a 
direction  parallel  to  and  perpendicular  to  ultrasonic  wave  propagation  on  the 
temperature  dependence  of  longitudinal  velocity  in  aluminum  6061-T6.  The 
results  obtained  in  this  study  show  that  the  temperature  dependence  of  ultra¬ 
sonic  velocity  increases  linearly  with  either  tensile  or  compressive  stress 
when  they  are  applied  in  a  direction  parallel  to  that  of  ultrasonic  propagation. 
In  the  case  of  stress  applied  perpendicular  to  propagation,  the  results  indicate 
that  the  temperature  dependence  decreases  linearly  with  both  stresses.  The 
calibration  curxes  constructed  to  relate  the  relative  change  in  the  temperature 
dependence  to  applied  stress,  give  an  estimate  of  ±10  MPa  for  the  sensitivity 
of  these  curves  in  determining  unknown  applied  stresses  in  aluminum  used. 

The  second  objective  for  the  first  year  of  this  program  was  to  establish 
the  theoretical  background  for  the  relationship  between  the  temperature  depen¬ 
dence  of  ultrasonic  velocity  and  stress.  Exper iment al  results  obtained  on 
three  materials  (aluminum,  copper  and  steel)  show  that  this  relationship  is 
linear  and  to  a  large  extent  does  not  depend  on  the  alloying  composition  in 
each  material.  The  experimental  results  also  show  that  the  slope  of  this 
relationship  is  large  in  aluminum  and  small  in  copper.  Appendix  11  includes 
a  manuscript  under  preparation,  which  describes  the  derivations  of  the  tempera¬ 
ture  dependence  of  ultrasonic  velocity  with  respect  to  stress,  and  the  compari¬ 
son  between  theory  and  experiment.  The  derivations  are  based  on  the  expressions 


obtained  by  Hiki,  Thomas  and  Granato  for  the  temperature  dependences  of 
isothermal  elastic  constants  of  single  crystals  using  a  quasiharmonic 
anisotropic  continuum  model.  The  temperature  dependence  of  ultrasonic 
velocity  in  a  polycrvstal  is  derived  in  terms  of  second-,  third-  and  fourth- 
order  elastic  constants  using  the  Voight  average  of  Young’s  modulus  and 
rigidity  modulus.  This  expression  along  with  the  experimental  values  of  the 
temperature  dependence  of  longitudinal  velocity  obtained  in  aluminum  and 
copper,  yield  values  of  fourth -order  elastic  constants  which  are  in  good 
agreement  with  those  computed  by  other  investigators.  Furthermore,  the 
deri\ativc  of  this  expression  with  respect  to  stress  is  shown  to  be  constant 
for  constant  values  of  the  stress  dependence  of  the  third-  and  the  fourth- 
01 der  elastic  constants.  This  result  agrees  with  the  experimental  findings 
relating  the  temperature  dependence  of  ultrasonic  velocity  to  stress. 
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At  st fact 

The  t  empe  rat  urt  dependences  of  ultrasonic  ve¬ 
locities  are  doe  to  the  anharconic  nature  of  the 
crystal  lattice,  and  therefore  can  be  used  for 
stress  measure-rents.  Experiments  per  fern  ed  or. 
bObl-lt  alurmar  show  that,  in  the  vicir.it)  of  roon 
1 1  r.pt  rat  urt  ,  the  ultrasonic  longitudinal  velocity 
decreases  linear!)  wit>  terperature,  and  the  slope 
cf  the  linear  re  1  at  i onshij  varies  considerably  when 
thi  spec  i  r  e  r.  is  sul.  icc  ted  u  stress.  For  cor;  res- 
sive  stress  applied  pe  rpt :  d  i  c  ul  ar  tc  wave  gjogaga- 
tier.,  the  ter.  irotuie  dt ;  ♦  r.dc net  of  the  velocit)  is 
fc.jnd  tc  decrease  linear')  b)  as  »j:h  as  20*.  at  a 
stress  of  fcf  M:a.  Tne  results  also  indicate  that 
the  relative  ch«r±es  ir  t >i c  1 1  r;  •  rat  me  depcrder.ee 
of  velocit)  as  a  function  of  stress  are  eq^al  tc 
those  j:f*ic*jsl)  obtained  or  other  alurinjr  a!  levs. 
Tt.is  sh-i^s  the  insensitivity  cf  the  temperature  de¬ 
pt 'dt  net  ret  hod  tc  texture  and  alloy  c  c-rpos  i  t  i  or. . 
Tne  it*  t hod  thus  efftrs  a  jrorisiri  possibility  for 
the  i-.’idt  ‘•tractive  r  t  a  «*urt  - 1  nt  cf  residual  stress. 


].  1  r-t  roduc  t  icr. 

Tne  re  is  a  gtnera!  a^rterent  that  ultrasonic 
method*  appear  tc  hold  the  best  g roc:  sc  m  the  non  - 
destructive  r-t  asmer  ent  s  of  bull  stresses  an  both, 
crystalline  and  nor.-c  rystalline  material  s  Cal¬ 

culations*  have  shown  that  changes  in  ultrasonic 
velocities  are  linear  functions  of  applied  stress 
and  ur.h  nowT.  stresses  car.  be  dele  rained  when  both 
the  velocit)  ir.  the  absence  of  stirss  as  well  as 
third-order  elastic  constants  an  In  own  indepen¬ 
dently.  The  reasured  velocity,  however,  strongly 
depends  or.  r. i c  Tost  ruct  ural  features  which  ir.aVes  it 
necessar)  to  dcvelog  a  cal ibrat io»  bet  ween  velocity 
and  stress  for  each  c.aterial  in  crier  to  be  used  in 
the  det  e  nr  mat  ion  of  unVnown  stresses.  In  addition, 
development  of  preferred  orientations  (texture) 
during  deformation  or  fatigue,  se^rel)  irodify  the 
thiTd-order  elastic  constants  to  tr  used  for  the 
calibration.  These  problems  can  be  solved  when  the 
differences  between  velocities  of  shear  waves 
polarized  pc rpendi cul ar  and  parallel  to  stress 
directions  are  used.  LMt  to  these  dif ferences ,  a 
shift  ir.  phase  wall  occur,  and  the  out -of-phase 
components  will  interfere  and  cause  a  change  in 
intensity  .  This  n.ethod,  however,  docs  not  have  at 


present  enough,  sensitivity,  and  req^rres  bt  accu¬ 
rate  determination  cf  the  shear  velocity  ir  the 
absence  of  stress. 

basically,  the  temperatuTc  de pendente?  of  the 
elastic  constants  of  a  solid  are  due  tc  the  an- 
harmonic  nature  of  the:  crystal  lattice.-*4  A 
measure  of  the  temperature  dependence  of  the  ultra¬ 
sonic  velocit)  can,  therefore,  be  used  tc  evaluate 
bull  stresses.  Experiments  undertaVer  on  aluriT.js 
and  copper^#*  elastically  deferred  m  or;  Tension 
showed  that  the  ultrasonic  velocity,  m  the  vicin¬ 
ity  of  ro or  t eepe rat urt ,  changed  linearly  with 
ter;e:aTurt,  and  the  slope  of  the  linear  re  1  at  ion - 
sh.ij  changed  cor  si  derail)  as  the  amount  of  applied 
‘tresf  wis  varied.  Ir  alurir.ur,  thie  relative 
cha-  *  t  s  of  the  terptrature  depei.dencc  of  ltT;.tu- 
diT.al  vejcrity  decreased  linearly  by  ruct 
23*  at  a  stress  cf  ap;  ro>  irat  c )  y  9i  M*  a  .  Tr.t 
results  ohtaiTed  or  different  types  of  alurir.ur 
alleys  alsc  indicate  that  the  relative  charge's  ir 
the  te~perature  de/><-ndi  nre  due  tc  applied  stress 
are  irsensitiv*  tc  cccr-r**  it  jor.  and  tot  urt,  and 
the  d?itc  obtain .d  or  these  alloys  car  be  repre¬ 
sented  by  a  sit.;  It  relat  icrshig  .  4 

All  the  above  studies  have  beer,  performed 
when  the  > t t €* ss  is  applied  ir  a  direction  ptr- 
peridicular  tc-  that  of  the  ultrasonic  wave  propa¬ 
gation.  It  practice,  the  magnitude  a s  well  as 
the  direction  cf  applied  or  residual  stress  are 
not  known.  It.  order  tc  apply  the  temperature  de¬ 
pendence  of  ultrasonic  velocity  and  stress  should 
bt  available  for  stress  applied  parallel  as  well 
as  pc rpt nd i c ul ar  tc  wave  propagation. 

Ir.  this  paper  the  effects  of  applied  compres¬ 
sive  stress  or  the  absolute  as  well  as  the  tem¬ 
perature  dependence  of  the  ultrasonic  longitudinal 
velocity  have  been  investigated.  The  experiments 
were  performed  with  the  stress  applied  in  a  direc 
tior.  parallel  to  and  pt  rpendi  cular  to  tht  ultra¬ 
sonic  wave  propagation. 

2.  Experimental  Frocedure 

The  specimens  used  in  the  present  study  wtre 
ruvde  from  one  inch  di-ameter  b&T  stock  of  coraier* 
cial  6061  -Tt  aluminum  in  the  font  shown  in  Fig.  1 
AH  specimens  were  trade  identically  except  the 
overall  length  l  was  varied.  The  specimens  were 
machined  with  a  2.54  cm  diameter  cap  or.  each  end 
which  allowed  the  same  specimen  to  be  used  for 
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strtss  applied  in  conpressior  as  we]]  a 5  in  tension. 
Tht  tw;  cap  at  the  end*  were  mad(  fiat  and  parallel 
tc  wit  Fit  ?C.ODr  cr  jr.  crdtr  tc  a* cod  diffraction 
effects  ir  the  u’t  ras.-r.  ic  be  «»r  during  propagation. 
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Fig.  2  Loading  system  used  for  the  application  of 
compressive  stress  in  a  direction  parallel 
to  the  ultrasonic  propagation. 
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Fjg.  3.  1'ading  System  uied  for  the  a;;  1 3 1  at i  on  of 
c  c-r;  :  e  <  s  2  v  e  stress  it  a  direct i or  perpen¬ 
dicular  tc  the  ultrasonic  \  ro;  ag  at  lor. . 


Tht  a;;licatior  of  external  stress  was  carried 
ojt  with  a  e  :*dc  1  1 1  2  S  floor  type  Jnstror.  machine 
o'  20 , OOO  fcg  rc»irr  lead  capacity.  7wc  different 
types  of  loading  arrang tr c nt s  re  used  in  the  pre- 
sent  work.  Figures  2  and  3  show  the  systems  used 
fci  the  torjressivt  stresses.  7c  help  en¬ 

sure  tht  uniformity  of  stress  in  the  specimens, 
specia]  effort  was  m.adt  in  designing  these  s>st ems 
tc  cir.iriie  effects  of  ti  sal  ignment  between  the 
axis  of  the  specimen  and  the  loading  axis.  A 
linear  ball  bearing  served  as  the  first  alignment 
between  the  upper  and  lower  loading  axes  and  a 
hemispheric  steel  ball  served  as  the  second  align¬ 
ment  between  the  specimen  and  the  loading  a*  is. 

The  shafts  used  in  the  compression  tests  were  made 
of  surface  hardened  steel  rod  (kc  *  40)  tc  resist 
possible  wearing  from  the  bearing  duiing  loading. 

The  ultrasonic  velocity  W2S  measured  using  the 
pulse -echo  overlap  method  which  has  been  fully  de¬ 
scribed  elsewhere. F  Figure  4  displays  the  experi¬ 
mental  system  used  in  this  investigation.  A  pulse 
of  approx  1  n.at ely  1-g  sec  duration  of  variable  pulse- 
repetition  rate  is  generated  by  the  ultrasonic 
generator  and  impressed  on  a  transducer  of  a  funda¬ 
mental  frequency  of  1C  MB:  which  is  acoustically 
bound  tc  the  specimen.  The  reflected  rf  echoes  are 
received  b>  the  same  transducer,  amplified,  and  dis* 
played  on  thy  screen  of  an  oscilloscope.  Two  of 
the  displayed  echoes  are  then  chosen  and  exactly 
overlapped  by  critically  adjusting  the  frequency 
of  the  cw  oscillator.  This  frequency  f,  accurately 
determined  by  the  electronic  counter,  is  employed 
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fn  4;  Pulse -echo  Oaerlap  System. 


to  confute  the  ultrasonic  velocity  using  the  rela¬ 
tion  V  «-  2  If,  whe  re  i  is  the  lerigth  of  the  spcciren. 
X-cut  transducers  are  used  for  the  fen*  ration  of  the 
longitudinal  waves,  which  wf  re  used  ir.  all  ciasure- 
i-tnt  s  . 

The  temperature  toMrol  sister  is  designed  to 
enclose  the  sf-ecictr  and  its  gripping  assemblies  in 
order  tc  ersun  stabilised  temperature  for  the  whole 
specmcr  during  the  t  u*.  required  for  velocity 
me  a  sur  c  c  ent  s  .  These  r  *  f  sur  ec t  nt  s  wt  re  performed 
between  30f  V  arid  370  I  where  the  coupling  condition 
bitwter  the  tr«rsd^:er  and  the  specimen  was  found 
to  bt  s  at  l  s  f  act  ory  .  At  all  t  ecjciat  ores  #  th<  actual 
temperature  of  the  spicjfccr  waf  wea^ured  by  a  cop- 
j»c  r  -  c  or- st  ant  ar.  t  he  rr  ojj-3  €  at  t  a -iked  directly  to 
the  specicer. .  Tn«  t  he  ir  :<c  o.>p  le  along  with  a  poten¬ 
tiometer  provided  a  cv  a  sure  cent  of  the  t  er_;-c  ra  t  ure 
with  ar  accuracy  of  *C  . Cl  h. 


3 .  Results 

Tecptrature  Pcj'f-ndt  nee  of  Ultrasonic  Velocity: 

The  effects  of  applied  stress  or.  the  t emptra - 
ture  dependence  of  ultrasonic  Ion|itudinal  velocity 
were  investigated  on  three  specimens  1,  2  and  3  of 
6061  -76  aluminum.  Specimens  1  anJ  2  were  used  when 
the  stress  was  applied  parallel  te  wave  propagation, 
while  specimens  2  and  3  were  used  when  the  stress 
was  applied  perpendicular  to  the  direction  ir  which 
ultrasonic  waves  were  propagated.  Typical  examples 
of  the  results  obtained  on  specime*  1  showing  the 
variations  of  ultrasonic  velocity  with  temperature 
at  the  compressive  stresses  0  and  -19. f  MPa  applied 
parallel  to  the  propagation  direction  are  shown  in 
Fig.  S.  From  this  figure  it  can  W  seen  that,  in 
the  temperature  range  from  3)0-379  K,  the  ultra¬ 
sonic  velocity  decreases  linearly  with  temperature 
and  the  slope  of  the  linear  relationship  varies  when 
the  stress  is  applied.  A  computer  prog  rail  was  used 
to  process  the  ve 1 oc i ty- temperature  data  to  deter¬ 
mine  the  temperature  dependence  of  ultrasonic  ve- 
loc  i  ty  (dV/dT) . 


Table  1  lists  the  results  of  (dV/dT)  obtained 
or  the  three  specictns  investigated  when  the  stress 
was  applied  parallel  to  (specimens  1  and  2)  as  well 
£t  pc rpendicular  tc-  (specimens  2  and  3)  the  direc¬ 
tion  of  wave  propagation.  Also  included  in  this 
table  arc  the  offset  uncertainties  which  measure 
the  decree  of  linearity  of  the  relationship  between 
velocity  and  t empe rat ure .  froc  these  results  one 
car  set  that  the  temperature  dependence  of  ultra¬ 
sonic  velocity  ir.  aluninur  increases  or  decreases 
according  tc  whether  the  stiess  is  applied  parallel 
to  or  pe rpendi cul ar  to  the  direction  ir  which  the 
ultrasonic  waves  are  propagated.  The  results  alsc 
s>.ov  that  the  charges  ir  the  temperature  dependence 
are  larger  when  the  stress  is  pe rpendicular  tc  wave 
prep  ag  at  a  or  thar  when  the  stress  is  applied  parallel 
tc  propagation  direction. 

because  the  values  of  (dV/dT)  at  2ero  applied 
stress  were  found  to  vary  among  the  specimens  in¬ 
vestigated,  the  relative  change  in  the  temg/erature 
dept r.dence ,  / ,  due  tc  the  application  of  stress 
was  calculated  and  its  values  are  listed  ir.  column 
t  of  Table  (1).  The  variations  in  the  temperature 
dependence  of  the  three  specio*ens  tested  at  zero 
stress  are  believed  to  be  due  to  differences  in 
the  Tesidual  stress  in  these  specimens.  The  values 
of  L  were  calculated  using  the  relationship. 


(dV/dT) c  -  (dV/dT) 


where  (dV/dT)  is  the  temperature  dependence  at  zero 
applied  stress. 

The  relative  changes  in  the  temperature  depen¬ 
dence  of  ultrasonic  velocity  as  a  function  of  ap¬ 
plied  stress,  obtained  on  the  three  specimens  in¬ 
vestigated  are  plotted  in  Fig.  6.  The  plots  show 
that  the  data  points  obtained  on  specimens  1  and 
7  when  the  stress  was  applied  parallel  to  wave  pro¬ 
pagation,  lie  on  a  straight  line  which  passes 
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tl  Tough  the  cngir  with  a  si  opt  equal  to 
-5.6$  i  K*4  pci  K1  c  and  a  correlation  coefficient 
tc  -0.992.  The  fjfuTt  a!  so  sh?«* 1  that  the 
results  obtained  w).cr,  the  stress  %es  pt  Jj-t  nd i  cul  ax 
tc  w?.vt  g  t  og  r$  at  i  or  (specimens  2  and  3),  fisc  lie 
or  a  straight  lint  which  passes  throng)  the  origin, 
bjt  with  a  slope  equal  tc  24.  4  >  10~  per  Mr  a  and 
a  eerie  la!)  or  coefficient  of  0.912. 

St  rtss  l»tj  cndt  nee  of  Ultrasonic  f  e  1  oc  i  ty  : 

The  effects  of  applied  stress  or,  the  velocity 
of  longitudinal  ultrasonic  wav es  propagat ing 
parallel  tc  and  pc rpe ndi cul ar  to  stress  has  been 
measured  or.  specimens  1  and  3  respectively.  The 
b  e  asure&enl  s  were  performed  at  race  tea.pt  rat  ure 
with  applied  stress  ranging  froaC  to  -59.6  MFa 
for  spec  in. er.  1  and  fron  0  to  -44.1  MFa  for  speci- 
aen  3.  The  results  of  these  1 1  asurenent  s  are 
given  in  Table  2,  which  also  lists  the  values  of 
the  relative  change  in  the  velocity  riots 

of  these  values  as  a  function  of  applied  stress 
for  the  two  specimens  arc  shown  is  Fig.  7.  Fros 
this  figure,  one  can  set  that  /V/V  increases  or 
decreases  linearly  with  stTess  according  to 
whether  the  stress  is  applied  parallel  to  or 


ptrptndirular  tc  vat  f  rej-ag  at  ion.  The  slope  of 
the  straight  line  representing  the  velocity  and 
stress  when  the  ultrasonic  waves  art  propagating 
parallel  to  stress  is  -0.210  a/s*M?a  with  a  cor¬ 
relation  coefficient  equal  tc  -0.998.  The  slope, 
however,  is  equal  tc  0.0531  t/s*HFa  with  a  cor¬ 
relation  coefficient  equal  to  0.993  when  the 
stress  is  applied  perpend) cular  tc  wave  propa- 
gat ion . 
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Fig.  5  Effect  of  applied  compressive  stress  on 
the  teffpentuti  dependent*  of  ultrasonic 
longitudinal  velocity  in  the  aluminum 
»DO)  606) -T6.  The  stress  is  applied 
in  •  direction  parallel  t»  the  ultra¬ 
sonic  propagation. 


Fig.  6  Effect  of  applied  compressive  stress  on 
the  relative  change  in  the  temperature 
dependence  of  longitudinal  ultrasonic 
velocity  in  6061-T6  aluminum.  Stress 
was  applied  parallel  to  And  perpendi cular 
to  wave  propagation. 
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Fig.  7  Klati\e  change  it  ultrasonic  velocity 
e  function  of  -j^lied  c digressive 
stress  ir.  6C>tl-Tt  aluminum.  Stress 
wa?  applied  fcTallel  tc  and  perpen¬ 
dicular  tc  ultrasonic  wave  propaf at ion« 


<.  MSCL’SSIOK 

1.  Temperature  bt }>t -ndtnce  of  Ultrasonic  Velocity 

Tne  effects  of  t  orgre?  *  ivt  stresses  or  the 
t er.pt rat urt  dependence  of  1 ongitud inal  ultrasonic 
velocity  have  bi  er,  studied  in  the  aluninuE  a  I  Joys 
2024-C  and  60t3-74  b>  Salary  and  Ling^.  These 
experiments  here  performed  nth  the  stress  applied 
in  a  direction  pt rpendi cul ar  t©  the  ultrasonic 
propag  at  ion.  The  results  obtained  by  these 
authors  show  that  tht  relative  change  ir  the  tem¬ 
perature  dependence  of  ultrasonic  velocity  is  ft 
linear  function  of  the  applied  elastic  compressive 
stress  and  can  be  represented  by  the  relationship 

(dV/dT)  -  (dV/dTJ 

t  ■  — (dvTdTj  *  tc  l2) 

where  (dV/dT)  is  the  temperature  dependence  at 
ieTC  applied  stress,  (dV/dT)0  is  the  temperature 
dependence  at  an  applied  stress  c,  and  K  is  a  con¬ 
stant  equal  to  2.3  *  I0"5  per  HPa. 

In  the  present  investigation,  the  experiments 
kti  performed  to  study  the  effects  of  compressive 


Fig.  {  Relative  change  in  the  temperature 
dependence  of  ultrasonic  velocity  as 
a  function  of  applied  stress  ir  three 
aluninua:  alloys.'- 

stress  or.  the  Itcpc  nature  dependence  of  longitudinal 
ultrasonic  velocity  or  three  specimens  (1,2  and  3) 
of  the  alurinur  alloy  606J-T6.  The  relative  changes 
ir  the  temperature  dependence  of  longitudinal  ultra¬ 
sonic  velocity  as  a  function  of  applied  stress  ob¬ 
tained  ir,  this  worl  as  well  as  those  published  ir 
reference  5  arc  plotted  ir  Fig.  (8).  The  solid 
data  points  in  this  figure  represent  the  data  ob¬ 
tained  ir  this  investigation  and  the  hollow  data 
points  represent  those  obtained  ir  this  reference. 
From  this  figure  it  car,  be  seer  that  the  relative 
changes  in  the  temperature  dependence  of  these 
three  alurinut  alloys  as  a  function  of  compressive 
stress  can  be  represented  by  Eq.  (2)  with  1  equal 
to  2.38  x  10-5  pej  MPa.  This  result  enphasixes 
ar  earlier  finding  concerning  the  insensitivity  of 
the  temperature  dependence  of  ultrasonic  velocity 
to  texture  and  alloy  composition,  and  aaVes  this 
method  more  suitable  for  the  nondestructive  evalua¬ 
tion  of  stress  than  direct  velocity  measurement s . 
The  latter  method  has  been  shown  to  be  strongly 
influenced  by  metallurgical  variables  and  requires 
calibration  for  each  alloy  or  perhaps  for  each 
specimen*^. 

On  the  other  hand,  the  effect  of  stress  on  the 
temperature  dependence  of  ultrasonic  longitudinal 
velocity  becomes  much  smaller  and  opposite  in  sign 
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wv.i  i  ***!■«  is  applied  parallel  ir  the  dm  - 

!  i  o  ir  *  th  vi\f‘  are  j  -  i  :•«!*?  ed  .  T*  1  * 

«■  ,  T  t  t  ;  Wit*  tK<  lvtk  T»eC  V*  C*»tn  an:1 

wvu  alsc  oi  vtru.J  $r.*i )  J  rh*T .ge*:  ir  the 
tc.-jcraturt  dependence  with  stress  ir  2024-74 
tjur^njv  when  the  stress  si<  ap;  1  i*d  ir  the  sunt 
ciiecnor.  of  wave  propagation.  f*»  Figs,  t  and 
7  it  is  interesting  to  note  that  tk  behavior  of 
the  temperature  dependence  with  stxess  (Fig.  fc) 
is  opposite  to  that  of  the  velocity  itself  (Fig. 
7).  The  comparison  between  the  effects  of  stress 
on  the  temperature  dependence  and  ar  the  velocity 
will  be  discussed  below. 


*  *  ' 1  *  *  *  t  V-t  tc  „  r  t  r  it  t  r  t  .am:)  of  t  1  or.j  ;  tu 
t4  *^e  I  •*  ;  *t,  a*  it.|  it  the  anal  direction  cl 
\u*  U^r;,n  ,  V  i»  the  ultravpr.jc  velocity,  l  is 
n.-dulu*  and  r  i*  applied  stress.  For 
sc*»ll  strains,  thi  terx  in  brackets  is  constant  and 
It,.  (4)  car  bt  wratten  as 


j.*! 

Y  *  H  •  tc  (S) 

where 


2.  Stress  Dependence  of  Ultrasonic  Velocity 

For  a  longitudinal  ultrasonic  wave  propagating 
parallel  to  the  direction  of  applied  stress,  the 
change  in  velocity  with  stress,  dV/dc,  may  be  ex¬ 
pressed  as12 


dv  -1  _ 

dc  *  2c'\(3A  «•  2W) 


|2i  «  > 


-*JLE  (4c  .  4)  .  10y)] 

(3) 


In  Fq.  3  >  and  g  are  the  second  order  elastic  con¬ 
stants,  i  and  *  art  tht  third  order  elastic  con¬ 
stants  of  M^magharl  2 ,  c  as  density,  V  is  ultra- 
sc*:. ic  vflocat),  and  c  is  applied  stTess.  This 
equation  indicates  that  for  small  stresses,  dV/dc 
js  a  constant.  Hcyr.ar  and  D^tm^  Kave  used  the 
following  relatiorship  tc  measure  axial  stresses 
ir.  fasteners 


Li  .  I  dl_ 

f  dc 


(4) 


.-1 


ii  J*L 

1  V  dc 


- 1>- 


«0 


For  aluminum,  they  found  H* 
to  -1.86  x  104  MPa. 


to  be  a  constant  equal 


In  the  present  investigation,  the  effects  of 
corpressive  applied  stress  on  ultrasonic  longitu¬ 
dinal  velocity  are  shown  ir.  Fig.  7.  Froc  this 
figure,  it  can  be  seer,  that  for  stress  applied  in 
fc  direction  parallel  to  that  of  ultrasonic  propa¬ 
gation,  the  results  give  a  value  of  -0.710  r/s-MPa 
for  the  stress  dependence,  dV/dc.  Substituting  the 
values  V  *  4200  r/s,  £  *  70.3  CPa ,  and  dV/dc*  -0.210 
sl/s  *Mt a  into  Fq.  (0)  >ields  FT1  *  -1  .9(  x  ]04  MPa . 
This  value  is  in  excellent  agrterent  with  the  value 
of  equal  to  -l.fct  x  )04  MPa  obtained  by  Heyx.an 
and  Chtrn  for  2024-70  alurimur. 

For  stress  applied  pc  rpendicul  aT  tc  wave  pro* 
pagatior.  the  char.ge  in  velocity  with  stress  is 


given  by 


<Jc  2p\  (3>  «  2^  I21  ‘w  l*  ♦  X  ♦  2n)]  (7) 


Table  (3)  -  Su-a-ar)  of  important  quantities  found  ir.  this  investigation  for  aluninur  6061-Tb. 


Pon  « 


Quantity 


Stress  1  Fropagat ion  Stress  //  Propagation 


i)  l-^1]  ;  c  •  o 


-0.98S  *£L 


-0.9BS 


2) 


1  n  *c  lrn 


-23.4  x  io4 


■/» 

l>MPa 


8. SO  x  )0~4 


*h> 

8 -MPa 


3) 


tJLt 
1  »o  h 


Room 

Temperature 


C.OE32 


MPa 


-D.210 


*Zl 

MPa 
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V*t:(  f  •  •  *  **  tf  re  il  l>'  »W  .f-t  K»'  ft  T<  ft1  !  ■*. 

fch->t  ‘‘met  1 1“  t  >t!ut  ‘  ci  th?  tVjrr  t:ct*  e*.  r-i.' 
t  •  '  -  tar!}  i  arc  u  of  iji.*  :nr  ar<  b.  *.  >  if,  *  jw  h' 
c:  t  r.t  s  art  Kap.jTusi1^  th«  value  cf  (d\  /C~\  it 
presented  b>  eq .  (?j  should  bt  negative  avd  ^rf )  lu 
than  that  of  eq.  (3).  Tm;  agrees  kith  the  re^'u 
shown  in  Fig.  7  when  (d\/da)  lr  cast  of  stress 
applied  perpendicular  tc  wave  propagation  is 
negative  and  has  a  smaller  value  (0.0832  m/s.MPa) 
than  that  obtained  when  the*  stress  is  applied 
parallel  to  the  propagation  direction  (-0.210 
B/s.MFa). 

3.  Relationship  Between  Teape  nature  and  Stress 
Dependences 

Table  (3)  lists  a  summary  of  the  important 
relationships  obtained  in  this  investigation  for 
aluminum  6061  -Tfc.  The  temperature  dependence 
quantity  given  in  row  1  represents  the  average 
value  of  the  t  err.pt  nature  dependence  of  ultrasonic 
velocity  found  in  this  investigation  when  the 
applied  stress  is  equal  tc  zero.  The  quantity  in 
row  2  represents  the  change  in  the  t emperature 
dependence  due  tc  the  application  of  compressive 
stress,  which  is  calculated  from  Fig.  6.  The 
values  of  the  stress  dependence  at  room  tempera- 
ture ,  arc  showT  in  row  3. 

Fror  Table  (3)  ,  it  tar  be  seen  that  the  pro¬ 
duct  of  the  change  in  the  temperature  dependence 
due  tc  applied  stress  (row  2}  and  the  stress  de¬ 
pendence  at  roon  temperature  (row  3)  is  the  same 
for  both  the  parallel  and  the  pe  ip-t  r,d  j  cul  ar  con¬ 
figurations.  The  relationship  between  these  two 
quantities  can  then  be  writle?.  as, 

“K->e-  (6) 

where 

kj  =  -).9U  i  0.03S  |  (n./s)/Mla)7(l/*»;). 

This  relationship  indicates  that  the  change  in  the 
t emperature  dependence  with  applied  stress  is  in¬ 
versely  proportional  to  the  dependence  of  the 
velocity  on  stress  regardless  of  the  relative 
direction  of  the  stTess  with  respect  to  the  wave 
propagation.  Equation  S  can  thus  be  used  to  pre¬ 
dict  the  magnitude  as  well  as  the  sign  of  the 
change  in  the  temperature  dependence  with  stress 
when  the  corresponding  dependence  of  velocity  is 
known.  This  later  can  be  calculated  from  available 
relationships  similar  to  those  expressed  in  eqs. 

3  and  7. 
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ng  a  p..]  s  .  -c  ;hc  -cv  er  1  a;  system.  Ex- 
s  apriiec  ir.  a  c,,  recti  or  parallel 


i  •  v  J  *b'' 


or.  dirr.t.or, 
r :  c  v  t  1  it 


Ah  st  raot 

The  effects  of  applied  elastic  stress  or.  the  temperature  dependence  of 
K  Mh:  ultrasonic  longitudinal  velocit>  have  bee:  st  idled  m  alurir.ur 
Jt,  Velocities  of  longitudinal  ultrasonic  *a.es  were  measured  as  a  function 
of  1 1 " :  v :  at  ure  ir  several  specimens  os 
pfiri-rts  wc’i  ptrforred  witr  the  s', 
tc  ano  pc : prr-dicuiar  tc  the  ultrusor.  4 
t  ^ :  t»t  mT  e  ue;  ends  ' ci  vrer.t  s  ,  the  ultr.:- 

of  velcKit*  versa?  ttr. :e:«t^re  is  f, 

wh«:r  tht  ot.-rcr.s  art  ?u:u-*ted  tc  stress.  7h 
stress  is  a:  plied  ir.  a  dut-cti*’*  jarAlIel  tc  tr 
s.r  o*  T.’.a  t  the  ter;  c  rat  ^rt  dept.  nck'te  of  ultirtso 
i-nt«r  :>  w 1 1  h  cither  a^^lie-o  t  c  r  ?  1 1 1  or  i .  r  j  j 
of  st  re « «  aj plied  pe  rytr. d l cu 1 o  r  to  tht  u j  t :  ,i sor. 
ln.iiCrttt  that  the  t  trot  rat «ri  dependence  dt  „rea 
applied  tf'silt  or  cor-  res  «*:  v  t  sfess.  Calibra 
relative  »?r.g€  ir  the  t  e::j  t  r  j*  jrt  dt:e:.dence  o 
ap:  1 1 ec  >t:css  are  to:  strutted.  Using  tNse  ca 
ser.siti\it>  ir  dote rr : ring  unknowr  applied  stresses  m  alur.inur  is  estimat- 
ed  tc  be  r  If  ME a , 


]r  all 
found  tc 
;ne  tf  best  fit 
Si  dvr ably 
nor  wher.  the 
u  1 1  r s  :•?  i  c  p r  op at  i  or. 
ic  \eiocit>  increases 
:  v  <  stress.  In  the  case 
^  j  r  :  pa g  at  i  or  ,  t  he  re  s u t  s 
es  iintarl)  witr  either 
lor.  curves  relating  the 
ultrasonic  v  e  1  o  c  1 1  >  to 
ibratior,  curves,  the 


1.  INTRODUCTION 

Materials  ir.  machine  components  are  always  ir  a 
state  of  stress.  This  stress  car.  he  applied 
stress  due  tc  external  loading,  residual  stress 
within  tne  material  without  an>  external  load¬ 
ing,  or  a  combination  of  applied  and  residua! 
Applied  stresses  can  be  calculated  using  formu¬ 
lae  fron  mechanics  of  materials  or  can  be  found 
experimental].'  using  strain  measuring  devices 
attached  to  the  machine.  Residual  stresses, 
however,  car.  seldom  be  calculated  because  there 
is  usual  I>  nc  data  or.  which  stress  calculations 
are  based.  There  are  presently  several  methods 
of  expe r iment a llv  finding  residua]  stresses  by 
destructive  means,  such  as  hole  drilling  and 
ring  coxing*.  Tc-  measure  residual  stresses  in 
a  bod>  non-destruct ively ,  however,  several  ap¬ 
proaches  based  on  three  major  methods  have  been 
proposed.  These  methods  are  x-ray  diffraction, 
electromagnetics,  and  ultrasonics.  None  of 
these  methods  measures  stress  directly.  X-ray 
diffraction  measures  lattice  strain,  electro¬ 
magnetic  methods  mca>ure  magnetic  properties, 
and  ultrasonic  methods  measure  utt  rascmi  c 


velocity.  AJ]  of  these  methods  have  I  imitation 
which  prevent  am  of  them  from  being  used  in  al 
stress  measurement  applications.  For  the  non¬ 
destructive  evaluation  of  bull  residua!  stresse 
ir  crystalline  and  nor-c r>  st a]  1  ir.c  materials, 
the  methods  using  u)  \  razor  ic  techniques  seem  to 
hold  the  best  promise. 

The  temperature  dependences  of  the  elastic  con¬ 
stants  of  a  solid  are  due  tc  the  anharmonic 
nature  of  the  crystal  lattice.*5'4  A  measure  of 
the  temperature  dependence  of  the  ultrasonic  vc 
locitv  can,  therefore,  be  used  to  evaluate  bulk 
stresses.  Experiments  undertaken  on  aluminum 
and  copper5>6  elastically  deformed  in  compres¬ 
sion  showed  that  the  ultrasonic  velocity,  in 
the  vicinity  of  room,  temperature,  changed  lin¬ 
early  with  temperature,  and  the  slope  of  t bi¬ 
linear  relationship  changed  considerably  as  the 
amount  of  applied  stress  was  varied.  In  alumi¬ 
num,  the  relative  changes  of  the  t empeTaturc  de 
pendence  of  longitudinal  velocity  decreased 
linearly  by  as  much  as  ^5*.  at  a  stress  of 


-1- 


v  '  *■  “  *  *  '  v  ■“  - ’  *  -  *  *- •;  v r 

ia  ...■■*•,  J.iv  tv  »y:  1  »t*c  -Hess  art 
t*vi  t:  arc  tt^turt  ,  and  the  dat u 

obtained  or  t'rese  alleys  ta?.  be  represented  b> 
a  single  r<  I  at  io-  ^r.  ip"  ,  as 

di.-dT.j.  -  i  d\  /  dT 


where  <vdV/dT.  is  the  temperature  dependence  at 
zero  applied  stress,  idl/dT,.  is  the  tempera¬ 
ture  dependence  at  an  applied  stress  c,  and  K 
is  a  cor s tant  equal  to  2.5  x  lC1--5  per  MPa.  In 
add  tier,  the  effects  of  tensile  elastic  stress¬ 
es  or  the  temperature  deperdence  of  longitudinal 
velocitv  were  studied  using  the  aluminum  alloys 
20:4-0,  31*03-7:51,  and  20:4-1351  by  Salair.a  and 
hang  ^5;  .  The  results  from  these  experiments 
were  found  tc  sj**sf>  Ec.  (1;  with  the  constant 
*  e^uai  tc  -1.69  x  K“*“  per  MPa.  All  the  above- 
studies  have  beer.  pert  erred  wher.  the  stress  was 
applied  ir.  a  direct  3  or.  perpendicular  tc  that 
c  f  t  he  ultras  or.  i  c  wave  :  :  c  rag  at  i  on  . 


Ir.  tre  present  ir vest ig«t ; or ,  experiments  were 
pt  ri\  rr  ed  t  c  s t  u d>  t  r. e  e  t  f  c c t  f  o f  not  h  c  or.:  r e  s - 
si  \  e  and  te'siie  elastic  sti  esses  or.  the  ten- 
j e nature  coper dence  ot  »  one i t udina 1  ultrasonic 
velocitv  in  three  specimens  of  the  a  1  .annum  ai- 
lo>  b0tT-1t.  The  exp-er  .r-t-r.t  s  wt-re  pcrfc-rr.e  e 
with  the  stress  applied  j  r.  a  d  i  r  ec  1 1  o:,  pa  ra  3  j  e  1 
tc  and  perpendicular  tc:  the-  ultrasonic  wave  pro- 
r  .j  cat:  on . 
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j:  -r.  ce.-.:.hfw  iT  jt-tdil  els*. 

•» '  v  -  r.t  .  T  en.~  ur e  t  r.t  ur.  .forn.it>  ot 

'trt>'  s;  *:  .  *r  er.s  ,  special  effort  was  iwh  ir 
de*s igt  : r.j.  rr-.sc  stress  application  svsters  tc- 
minimi  :t  ar.>  effects  of  misalignment  between  the 
axis  of  the  specimen  and  the  loading  axis.  ror 
tensile  testing,  this  was  achieved  b>  using  [wc 
universal  yoints  between  specimen  and  co1 nec- 
tions  to  load  cell  and  to  tht  loading  frame. 

For  compressive  testing,  a  twe- stepped  alignment 
system,  was  used.  A  linear  ball  bearing  served 
as  the  first  alignment  between  the  upper  and 
lower  loading  axes  and  the  hemispheric  steel 
ball  served  as  tht  second  alignment  between  tht 
specimen  and  the  loading  axis. 

The  ultrasonic  velocitv  was  measured  using  the 
pul  sc -echo -overlay  method  which  has  beer  full) 
described  elsewhere^.  X-cut  transducers  art 
used  for  the  generation  of  the  longitudinal 
waves,  which  were  used  ir.  all  measur  er.ent  s .  The 
transducer  is  placed  or.  the  specimen  by  means  of 
special  holders  which  are  designed  tc  clamp  tc 
the  sjevimer  as  shown  m  Fig.  :  for  the  parallel 
configuration  and  Fig.  5  for  the  perpendicular 
corf  :g  jrat  ior. .  The  spr  mg- support ed  plunger 
serves  as  the-  i-ner  conductor  of  the  coaxial 
cat  It  which  i  allies  t  ►  t  K  M»:  electrical  sig¬ 
nals  tc  ime  frer  tne  transducer  which  is  bonded 
to  the  spt:mt:. .  These  signals  are  transmitted 
f  ror  the  p  Surge  r  b>  a  j  mce  of  teflon -coated 
wire  tc  a  bV  rece;  t'»;lc  Cicr  is  mounted  direct  - 
1  >  t  c  the  t :  a :  s  d  u :  e ;  h :  1  ^  t,  r  .  7r.  t  s  r  ring  is  used 


is  reqj^rec 
lave:  bond. 


EVrritv  of  tr.e  thir. 

:ng  force  of  3k  tc  51 


Tne  specimens  used  in  the  present  study  were 
made  from  one  inch  diameter  bar  stock  of  cott- 
mercial  bOol-Tc  aluminum  in  the  form  shown  in 
Fig,  1.  411  specimens  were  made  identical  ex¬ 

cept  the  overall  length  L  was  varied.  The 
specimens  were  machined  with  a  2.54  cr  diameter 
cap  or.  each  end  which  allowed  the  same  speci¬ 
men  tc  be  used  for  stress  applied  in  compres¬ 
sion  as  well  as  ir  tension.  Tne  two  caps  at 
the  ends  were  made  flat  and  parallel  to  within 
lo. 00:  err  in  order  to  avoid  diffraction  effects 
ir  the  ultrasonic  bear  during  propagation. 

These  caps  were  also  connected  to  the  center 
portion  of  the  specimen  by  a  0.0b  cr  radius  ir. 
order  tc  minimize  stress  concentrations.  After 
experiments  of  the  stress  applied  parallel  to 
tht  axis  of  specimen  were  completed,  two  paral- 
el  surfaces  of  thickness,  t,  were  milled  in  the 
center  of  the  specimen  tc  allow  measurement s 
for  stress  applied  perpendicular  tc  wave  pro¬ 
pagation  direction.  In  this  case  the  ultra¬ 
sonic  waves  were  propagated  in  the  center  por¬ 
tion  of  the  specimen  where  the  stress  is  ex¬ 
pected  t  c  be  un  i  f  orm . 

Tr.e  application  of  external  stress  was  carr  ed 
out  with  a  model  1125  floor  type  Instron 
machine  of  20,000  Fg  maximum  load  capacity. 

Four  different  types  of  loading  arrangements 


A  temperature  control  svsten  is  desigred  tc  en¬ 
close  the  specimen  giippin*  as>rr.Mies  tc  en¬ 
sure  stabiliied  t  e~p-er.it  urc  for  the  entire  speci¬ 
men  during  the  time  required  for  velocity  measure¬ 
ments.  All  experiments  were  performed  between 
approximately  31C,eh  and  3“(tK  where  the  coupling 
condition  between  the  transducer  and  the  speci¬ 
men  was  found  to  be  satisfactory.  A  test  fur¬ 
nace  was  used  for  heating.  This  furnace  pro¬ 
vides  a  uniform  temperature  pe rf ormance  b>  making 
use  of  a  reci rculat  mg  Mower  and  planum.  svster. 
The  furnace  is  equipped  with  a  temperature  con¬ 
troller  which  is  capable  of  providing  precision 
temperature  control,  before  taking  velocitv 
measurements,  the  furnace  is  set  at  a  desired 
rr.a'imjn  temperature.  After  this  desired  t  er - 
peraturt  is  reached,  the  furnace  is  turned  off 
and  the  coding  rate  of  tht  spccimer  is  con¬ 
trolled  tc  achieve  a  constant  cooling  rate.  The 
temperature  of  the  specimen  is  measured  b>  a 
topper -konst  ant  ar  tht-rr-oeojple  attached  direct  1> 
tc-  the  specimen.  The  thermocouple  along  with 
a  potentiometer  provides  the  neasuTement  of  the 
specimen  t  errpe  i  at  ure  tc  ar  accur^cv 

3.  M  soli b 

The  \elocit>  of  longitudinal  ultrasonic  w,-»es 
propagating  perpendicular  tc  the  stress 


’  ’  JV  :  -w  't  .»■  v :  u  .r  f  *  the 

*■.  ■  -i4  tf?::t  ■  V'..  a*" r  u.t  Mia  <t : t  -*  w 

i"  l*g-  -5 .  Thi?  >v  :k>  that,  it  tr.t  ttr- 

; :a:Mrt  r.i'.gt  :'r^"  5 i  e  h  tc  5'tch,  ultr^s^-ru 
vti,\  it.*  !;•:  arl)  *ith  tcr.j  traturc- . 

3  *vr:-utc:  jr.grar  w.-_-  used  tc  dcterr.ne  The 
te-jirat.rt  dependence  of  ultrasonic  \tu\ity, 
d  .  ■*  ’ 


:  *  •  -  T  t  :■  ..I  X  .  all  i  .  .  v  *  1,0  a 

-•  •*-*-  U.';  tiutart  dvpe*  der.^t  .  rtut  t: 

.i!  j  .  j  v  at  i c-r  ,  i-tres.-.  Im  sc  relative-  i  t-ra-i.to 
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(5,.  Iron  this  figure,  it  car.  be  seer,  that  tr.t 
data  points  for  tensile  stress  lit  or.  a  straigh 
line  which  passes  through  the  origin.  Tnis  hn 
has  a  slope  of  -1.1*  x  H •’  '/MPa  and  a  correla¬ 
tion  cot  tfii  ient  euua  1  to  -0.9“ 2.  1  m  c.-.t .. 


Table  (lj  -  Vaiiations  of  the  temperature  dependence  of  longitudinal 
ultrasonic  velocity  with  applied  tensile  and  cor; res - 
sive  stress  in  60bl-7t  ala/r^num.  Tht  stress  is  applied 
perpendicui ar  tc  tht  direction  of  ultrasonic  propagation. 
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Specimen  Applied 

Timers  ions  Stress 

cm  {inch  (MPa 

t  =  (\t24  (t .2455  bt . 2 

l  =  t  .985  :2."50;  44.1 
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-u  .t 
-35.1 
-bt  .1 


t  =  (.495  (  0 .  1 9S ,  bt  .  8 

1  =  t .  5  5 1  f  2.5005.,  4t-,~ 

2t  .“ 

(  .(. 


\/d7 

S  •  hi 

Of  f  set 
Uncert  amty 

(ir./s } 

L\ 
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1 .0070 

.  358 

c.o, 
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.  52t 
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- .9333 

.  358 

-  ■ .  n 

-  .  St-51 

.15’ 

-34. (S 

-  .  93.9t 

-8  .44 

-  .  9tS5 

•  2  5*- 

-  r  .  t : 

- . 9S“3 

.  19: 

-  2  .83 

3  . i  •«  3i 

.  1  si 

( 

'  y  and  eorrt  1  at :  on  ceff-tC  .e:  t  i!  f.t  .;ri^ 
fivplitc:  stress  ir.  n'iu”.r.ur  bt3-U.  7r.<. 
jlar  to  tnc  direct, on  of  ultrascric  - 


Sjew.n.er.  Applied  Slope  Co:  re  1  at  ion  ^  -  Intercept 


1 

t  *  C.b24 

{(.  .  24  55 

Tens,  it  1 .22  x  l(f  * 

.941 

-0.99“9 

l  -  e.985 

(2 .“50 

2 

t  -  (  .495 

(0.195 

Tensile  1  ,2c  x  10"^ 

.995 

- } . 02t  : 

l  -  t  . 351 

iv2 . 5005  j 

1 

t  =  P.b24 

(0.2455, 

Com; ressive  -2.15x10  ^ 

-  .99? 

- 1 . 004 ' 

L  =  t  .985 

(2  .“50 

Table  -1  lists  the  values  of  the  temperature 
dependence  of  longitudinal  velocity  and  the  of¬ 
fset  uncertainty  m  specimens  1  and  2  when  they 
were  subjected  to  applied  stresses  ranging  f ron 
-bb.2  Mf a  to  tb.6  MF a .  This  table  shows  that 
the  magnitude  of  the  temperature  dependence  of 
ultrasonic  velocity  decreases  linearly  with  ap¬ 
plied  compressive  or  tensile  stress  with  the 
r.a'imuir  value  for  the  temperature  dependence  of 
ul  t?  4sor.it  velocity  occur  ing  at  0.0  MPa.  The 
v.tlues  of  the  slope,  the  intercept,  and  the  cor¬ 
relation  coefficient  of  the  lines  of  best  fit 


points  for  con; res sive  stress  a  I  sc  lit  or  a 
straight  line  which  passes  through  the  origin 
and  has  a  slope  of  2.44  x  lP'^/M-a  and  a  cor¬ 
relation  coefficient  equal  to  ('.982. 

The  velocity  of  longitudinal  ultrasonic  waves 
propagating  parallel  to  applied  stress  was 
measured  as  a  fjntior  of  tcir.pt  rat urc  or  tht 
twe  aluminum  specimens  2  and  3.  Table  [3 
lists  the  results  obtained  or.  these  twe  a  kir .  - 
nuir  bOfcl-Tt  specimens  investigated  ir.  the 
parallel  configuration.  Included  in  this  table 
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u!  t  r  t 

Ki;  a  .  1  :•  \  a 1  ues  cf  the  slope,  the  inu-Kt;  t , 

and  the  correlation  coefficient  for  the  lines  of 
best  fit  fur  the  experimental  results  shown  in 
Fig.  (6.  are  giver.  in  Table  (4).  from  Tables 
(2.  arid  '4  ,  ,  it  can  be  seen  that  the  slopes  of 
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Table  (3.  -  Variations  cf  the  temperature  dependence  of  longitudinal  ultrasonic 
velocity  with  applied  tensile-  and  compressive  stress  ir.  aluminum 
bOtl-Tt.  Stress  is  applied  parallel  to  the  direction  of  ultra¬ 
sonic  propagation. 


Specimen  Specimen  Length  Applied  Stress  d \ / d T 
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Values  cf  slept,  intercept,  and  correlation  coefficient  taxer,  from 
:mt>  cf  best  fit  of  d\/d7  \ersus  a pilied  stress  ir.  aluminum.  6061-T0. 
Tht  stress  is  applied  parallel  to  the  direction  of  ultrasonic  propa- 
gat ion . 


>pe*  irr-er 
Length 
cm  (inch 


Appl led 
St  ress 


Slope 

(TV  s  * ►'  MFV 


Correlation  V- intercept 
Coefficient  ( n.'  s  •  K , 
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Compres  sive 
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- ,9t"2 

tens  lit  stresses  on  the  temperature  dependence 
of  ultirtSonic  \elc»cit>.  This  figure  shows 
that,  within  the  applied  stress  range  used  ir. 
these  measurements,  the  magnitude  of  the 


the  lines  of  best  fit  for  the  perpendicular 
configuration  are  much  larger  and  opposite 
ir.  sign  tc  those  obtained  it  the  parallel  cor. 
f  i  gurat ion . 
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T : j t  :i  iu  f  a  frcs  ; r.  ft  t  t*r :  er.it  art  dtjtr. - 

dt  ••„■£,  •.  ::.i.T:ed  o:  a  I*  t;  ret  sjur-?::  :r.(  -  t:- 

g.sftd,  art  potted  it.  fig.  Tht  plot  for 

t  e  r.  s  :  1 1  stress  stows  that  tht  pv : r : >  lie  or  a 
>tr.nght  lire  whic:  p^ses  through  the  origir 
witt  a  slope  equal  tc  4.59  x  K  pr  V?  a  and  a 
tor  re  .  at  ion  v  ot  f  f  1  c  1  er.t  tqaal  tc  C.95t.  Tr.c 
plots  f  v :  v\c;  revive  s  t  r  .  >  s  s  r  '  w  t  r.a  t  the 
points  t\  r  spt  wirer.  5  lit  on  a  str.i.ght  lint 
that  pa  s  >  e  *  t  r  r o j c r  tht  c  r ;  g  i  r  with  a  si  ope 
equa  1  tc  -S.t3  x  per  V*  a  a^c  a  correlation 

coeffic*ert  equal  tc  -U.99I.  The  point s  for 
spt**nen  1  for  cor;  j  essivt  stress  alsc  lit  or 
a  straight  line  that  passes  through  the  origin 
with  a  slope  equal  to  -4 .50  x  1  (■’**  per  M‘*  a  a ?;d  a 
correlation  coefficient  equai  tc  -C.P9C.  Tr.ere 
is  nc  explanation  for  why  the  si  opt  of  the  data 
obtained  or  specimen  2  is  smaller  than  that 
founj  fron  the  data  obtained  on  spec  mens  5. 


4.  PI SCUS510S 

Ir  the  present  mv  est  igat  ion ,  experiments  wire 
perferred  tc  study  the  effects  of  both  com;  res  - 
sivc  and  tensile  elastic  stresses  or.  the  temp¬ 
erature  dependence  of  longitudinal  ultrasonic 


v '  .  be d  : :  d  t  •  a  i  1  i  r  rtft:cr.cc  H  .  t  :  or  f  ; » . .  r  c 
.9  it  :.i;  bt  seen  that  th*.  rtlati*t  change  it 
t  t"t  •«.  r  <»t  nr  c  .tor  t  **  d*.  tc  t  oun.M-j  who:  tni’i: 
u'p  or  tensile  stresses  are  a:  p  litre  t< 

trt  specimen.  V  ex  pi  ana:  3  or.  is  available  at 
j  resent  for  this  behavior  which  rakes  it  diffi¬ 
cult  to  differentiate  between  tensile  and  corprtr- 
sivt  stresses  when  using  the  temperature  depen¬ 
dence  ret  hod  in  the  nor.-der  t  ruct  i\ e  evaluation 
of  applied  stress  in  aluminum  alloys.  To  use 
the  cal i brat i or  curie  shown  in  Fig.  (9j  to  deter- 
r:ne  a; plied  stresses,  the  temperature  dependence 
of  ultrasonic  velocity  is  measured  in  the  speci¬ 
men  at  zero  applied  stress.  This  measurement 
should  be  repeated  several  times  anc  the  average 
value  is  taker  as  the  true  value.  The  specimen 
is  then  leaded  and  the  temperature  dependence 
is  measured  perpendicular  to  the  applied  stress. 
Using  the  values  found  above,  the  relative  per¬ 
centage  change  in  the  temperature  dependence  of 
ultrasonic  velocitv  if  calculated  using  Eq.  1. 

Tn is  value  along  with  Fig.  (9;  are  used  to  deter¬ 
mine  the  applied  stress.  If  greater  accurac.'  is 
required,  the  temperature  dependence  at  the  un¬ 
known  stress  should  be  measured  several  times  and 
the  average  value  used  to  determine  the  applied 
st  ress . 

The  effects  of  compressive  and  tensile  stress  on 
the  temperature  dependence  of  longitudinal  ul¬ 
trasonic  velocity  were  measured  or  twe  specimens 
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of  u  u'r:.-t  :!:t  s  alone  w%  i  t ! .  t  M  :  .-s  i .  •*:  s  obtaihevi  b>  iiiki  c*t  a],  fei  the 

t  <  ;  ;  ^  1 u » v  ;  ,'duia  ot  the-  i  mother  a  1  m  ^  end -urde :  clastic  constant."  of  si  no 

crystals,  c  or,  ;■.  i  :;>•!*.  s  M-t*v<.-r  i.ivv;\ee.  tcrpviature  vivpciidc  net  ano  m*.  asured 
oaaiititus  in  si  inur  and  copper,  \icld  v  a  hie  s  of  fourth-order  elastic  cor.stan 

which  ayjee  w  i  t  r.  those-  previously  obtained  h>  other  l  nvest  j  pat  ors  usinc  single 

crystal  data.  Also,  the  compari  son  between  the  calculated  stress  derivative 
of  trie  t  ci;,pc  r  at  ore  dependence  and  the  c  v»rres]>c»Tid  i  ni;  experimental  values,  yields 
reasonable  values  for  the  stress  dependences  of  the-  third-  and  the  fourth-order 
elastic  constants  of  aluminum  and  copper,  furthermore,  based  on  the  fact  that 
these  values  arc  constants  for  each  material,  it  is  concluded  that  the  tempera¬ 
ture  dependence  of  ultrasonic  velocity  in  these  materials  varies  linearly  with 
stress  as  it  is  observed  experimentally. 
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IMkomii’J  I  UN 

A  great  deal  of  expe  l  ir.vnt a  1  work  has  been  done  on  the  t  empe rat  uu  dt  - 

1 

pendencc  of  second-order  elastic  constants  of  single-  and  poly-cr>  >ta  1  s  .  * 

The  data  show  that  the  elastic  constants  arc  linear  functions  of  t  e-mpt- i  at  urc 

8  o  ]  { 

up  to  melting  temperatures  .  Also,  recent  expc-:  ire-ut  s  performed  on  aluminar*’ 

11  12-14,. 

copper  and  steel  elastically  de termed,  >how  that  the  ultrasonic  ve!ocit>, 

in  the  vicinity  of  reom  temperature  changes  linearly  with  t  e:\pei  at  urt ,  and  the 
slope  of  the  linear  re  lot  lur.sh  ip  is  >troi.glv  inf  ]  u».M.e.ed  b>  the  presence  of  stress. 
In  tnese  r.ate*  ials,  the  relative  chance's  ol  the  t  e  .peo  <it  urc  eicpende'Tice  ol  longitu¬ 
dinal  velocity  are  found  to  increase  by  2.v  at  a  stress  of  90  Ml’a  in  alirinur., 
by  6l.  at  a  stress  of  240  Mr  a  in  copper,  and.  b>  a  l.V.  at  a  stress  of  240  MPa  in 
type  ABooB  steel.  The  results  on  these  materials  also  indicate  that  the  relative 
chance  in  the  temperature  dependence  is  a  linear  function  of  applied  stress,  and 
the  slope  of  this  linear  relationship  appears  to  leriair.  unchanged  for  specimens 
of  the  same  material  tested.  No  theoretical  explanation,  however,  is  yet 
available  for  this  linear  behavior  of  the  temperature  dependence  of  ultrasonic 
velocity  with  stress. 

THEORY 

Basically  the  temperature  dependences  of  elastic  constants  are  due  to  the 
anharmonic  nature  of  the  crystal  lattice  and  are  directl)  related  to  the  higher- 
order  elastic  constants^*  Hiki,  Thomas  and  Granato* /  have  derived  expressions 
for  the  temperature  dependences  of  the  isothermal  second-order  elastic  constants 
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a  quasiharmonic  aiust  ropic-cont  mourn  model.  The  theor>  takes  account  of 
; at  ion  and  orientation  dependence  of  phonon  frequencies  and  their  strain 
fives,  but  assumes  the  derivatives  are  wavelength  independent.  Ihe  ex- 
expanded  forms  for  cubic  crvstals  are  given  as 
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(WW>cn55t(WW2*(NiVW2]' 


C1266<NlVW 


(2) 


-  o- 


(~>n  *  -«p.  ‘24M3  -  s^"2 .  C^6(n|  .  N32>  . 

**CM4N3N1U3Ul*4C166t<N2’N3)U3*2N2N3ll2U3>4C456(NlU3*N3Ua)NlU3 

*Cn44NlUl*C1135^,'2U2*N3U3'*2t1255^,,lH2UlU2*NlN3UlU3' 


*2C1266N2N3U2U3*WN2U3*N3V  * 

*C4455C<NlU3*N3Ui)2*(NiVN2Ul)2”!l 


(V) 


where  the  Grune'!sen  parameters  are  given  as, 


y21  =  -a/2w)!^NJ»Cj2CN‘vN|)*2w05*CnlN‘UJ 

*  C144(N2U3*N3U2)2'Cn2fN2U2*N3U3'2NlUl(N2,J2*N3U3)3 

+  2C123N2N3U2U3+C166^SlU3'N3lJl^  *^N1U2+N2U1^  ^ '  (43 

V23  =  -(l/w)iC24N2N3^U2U3*CI44N1U1(N2U3»N3U2) 

*  c 166[<n2  ♦  n2)u2u3  ♦  n2n3(u2  *  U2)] 

+  C456CN2N3U1  +  niU2U3  +  N1U1(N2U3  +  N3U2)]5  (5) 


Tii2./-T  /»i2 .«i2 \ .-2 j./-  v;2, ,2 


with 


w  =  c|x( n|u|+n|u|+h|u| >  ♦  cJ4[(N2u3+N3u2)2  -  (N3u1+N1u3)2 
♦  (N1U2^N2U1)2]  +  2C^2(N2N3U2U3+N3N1U3U1+N1N2U1U2). 


(6) 
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*MN 


In  these  expressions  N  and  II  are,  r<  [Hit  m-1)  ,  the  propagation  and  tliC*  polariza- 

tion  vectors  of  the  ith  normal  mode,  the  superscripts  S  and  1  are,  respectively, 

for  the  adiabatic  and  the  i>o thermal  elastic  constants,  h  is  the  Boltzmann 

constant,  and  is  the  density  of  the  undeformed  material.  in  evaluating 

the  lattice  sums  of  the  above  equations,  Hihi  et  a !.*'  used  a  367-point  grid 

over  an  octant  of  the  Debye  sphere.  The  values  of  the  sums  obtained  by  this 

method  for  Cu,  Ag ,  and  Au  have  been  shown,  however,  to  be  only  a  few  percent 

1 8 

larger  than  those  calculated  using  a  pure  node  average  .  Linpuning  the 
latter  method  and  neglect  ine  the  differences  between  C*? \  and  C?!,  ,  which  have 
been  shown  to  be  small,  the  temperature*  dependences  of  the  elastic  constants, 

C]|,  C*  =  and  C4,  can  be  approx imately  expressed  as 


(7; 


f  *?  I 


'  ^cn: +  ci ni 


kpo 

4C-t5C166  +  C 1 44  +  4C456  +  C4444  +  C445S') ' 
44 


(9) 


Equation  (7)  was  obtained  by  considering  the  longitudinal  waves  propagating 
along  the  (100]  direction,  while  in  evaluating  the  t emperature  dependences 
BC'/dT  and  we  considered  the  modes  of  shear  waves  propagating  along  the 
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[110]  direction  and  polarized  parallel  to  the  [110]  and  [001]  directions, 
respect ive ly . 

The  expressions  for  the  temperature  dependences  of  the  second-order 

elastic  constants  show  a  linear  relationship  up  to  the  fourth -order  elastic 

1 9 

constants.  Assuming  the  Cauchy  relations  hold  for  the  fourth-order  elastic 
constants  as, 


e  1 1 1 2  =  C 11 35  ’  C 1 1 22  ~  C12t>6  =  C4  144  * 

C 1 125  =  C 1 1  4 4  =  C 1 255  =  C I  4 50  =  C4455 


110) 


then  only  four  of  the  fourth-order  elastic  constants  namely,  C^^, 

Cn  ,,  and  need  to  he  considered.  Basical ly  the  Cauchy  assumption  n cans 

that  the  short-range  repulsive  forces,  which  contribute  the  most  to  the  higher- 

order  elastic  constants,  may  be  reasonably  represented  by  central  forces.  Also, 

assuming  that  only  nearest  -  neighbor  interactions  contribute  to  the  fourth-order 
20 

elastic  constants  ,  we  obtain, 


'1112 


=  C 


n: 


-  u 


1111 


and 


C,123  '  0 


on 


and  foi  third-order  elastic  constants. 


r 

Llll 

=  2C112 

=  2C166 

c 

=  c  = 

c  ,  =  0 

123 

45b 

144 
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r 


This  assumption  follow>  f  i  on.  the  pi  c*d«  »r-  i  r^nt  contribution  of  the  short-range 
forces  to  those  higher-order  elastic  contants. 

Accordingly  eqns.  ",  S,  and  9  can  respectively  be  written  as 


( 


ac 


11 


ar 


"k^of ,  cn  ci  1 1  2 

y— l  v - r - ; 

li 


sc 


111 

c 


♦  c 


11 


1111 


02  j 


kc 

0__  f  -  ,  r  1 

52C '  ^lll  L1111J 


(3  3 


( 


k; 

sctt^uu  +  ci  1 1 1 

44 


(14.! 


C.arbar  and  Granato"  used  these  relationships  to  determine  values  of  the  fourth- 
order  elastic  constants  of  noble  metals  Cu,  Ag  and  Au.  The  values  of  the  fourth- 
order  elastic  constants  obtained  were  approximately  an  order  of  magnitude  greater 
than  and  opposite  in  sign  from;  which  agrees  with  the  predictions  of  nearest 

->  i  2 

interactions^"  for  a  potential  of  the  form  — where  ^ ^ ] /Cj ^ i  =  ~ T  * 6)  and 

r 

a  value  of  15  was  suggested  for  n. 

TEMPERATURE  DEPENDENCE  OF  POLYCRYSTALS 

2  T 

Voigt^  has  shown  that  the  Young’s  modulus  and  rigidity  modulus  of  a  poly¬ 


crystal  may  be  calculated  from  the  single-crystal  elastic  moduli  if  one  assumes 
that  each  grain  is  deformed  to  the  same  strain.  His  results  yield, 


and 


Substituting  foi  the  tc: .peraturc  dependence.-  — — - 

CM  0  I 

f rom  eqns.  (12,  15  and  1 4  j  ,  eqn.  (19j  takes  the  form, 


c»T 


♦  4C 


■? 


5C111 

.ISn"  . 

aCini 

4C1 1 

4C112 

4Cn 

scm  cnu  sci  1 1  c  1 1 1 1 

1  bC  '  '  1  t>C  *  +  4C'  +  4C,  , 

44  44 


Fuuation  (20  ;  represents  the  temperature  dependence  of  longitudinal  vclocit> 
in  a  polyc : yst al 1 ine  sol  id  in  terms  of  the  second-,  third-  and  fourth-order 
elastic  constants  of  the  single  crystal  structure  of  that  solid.  A  similar 
relationship,  however  no re  complicated,  may  also  be  obtained  using  the  Reuss 
a\ erasing  procedure  in  calculating  the  Young's  and  Rigidity  moduli,  which  as 


each  grain  is  subject  to  constant  stress. 


CHANGE  Uk  i  LMl’iikA  1  Uki  HIOlNOLNcl  OF  ULTRASONIC  \hLOCTH  h  1 TH  SikhSS 

1.  Aluminum 

Measurements  of  the  ultrasonic  longitudinal  velocity  in  the  temperature 

range  between  180  and  260  K  on  the  aluminum  alloys  2024-0  and  6063-T4,  have 

shown  that  the  velocity  decreases  linearly  with  temperature,  and  the  value  of 

the  temperature  dependence  dV  /dl  is  in  the  range  between  -92.3  and  -111.1 

cm/s.k.  Similar  results  were  also  obtained  on  the  aluminum  alloys  2024-1331. 

3003-1231,  and  6061-T4,  where  the  values  of  dV^/d'l  are  xespective'y  found  to 

be  -118.7,  -123.1  and  -130.4  cm/s.k.  The  average  value  of  the  temperature 

dependence  of  longitudinal  velocity  ir.  polycrystal  1  inc  aluminum,  -115  rn/s.k, 

and  the  values  of  the  second-  and  third-order  elastic  constants  obtained  b> 

25 

i  nomas  ,  C .  1  =  1.0e75,  C  ’  -  0.J57,  C ,  ,  -  (*.2854  and  L...  -  -10.76  ir.  units 
11  44  111 

12  2 

of  10  “dync/cm  ,  are  substituted  in  to  eqn.  (20).  The  value  of  the  fourth-order 

JO  "> 

elastic  constant  is  found  to  be  +  86.5  x  10  "dyne/cm4’,  which  is  opposite 

in  sign,  and  about  a  factor  of  S  larger  than  that  of  measured  C^.  This 

agrees  with  the  predictions  of  nearest -neighbor  interactions  for  a  potential 

of  the  form  —  with  n  =  10.  It  also  agrees  with  the  findings  of  Garbor  and 
r 

Granato  in  their  determination  of  the  fourth-order  elastic  constants  of  the 
noble  metals  Cu,  Ag  and  Au. 

Equation  (20)  indicates  that  the  temperature  dependence  of  ultrasonic 
velocity  is  a  constant  quantity  which  may  be  computed  knowing  the  values  of 
the  second-,  third-  and  fourth-order  elastic  constants.  Again  considering  the 
density  remains  unchanged  as  a  function  of  stress,  the  derivative  of  the  right- 
hand  side  of  eqn.  (20)  with  respect  to  stress  will  be  a  function  of  the  second-, 
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third-  and  fourth-order  elastic  constants,  and  their  derivatives  with  respect 

to  stress.  The  derivative  of  the  left-hand  side  of  this  equation  with  respect 
& 

to  stress,  — — (  t,-t—  J  kill  then  be  a  constant  as  long  as  the  derivatives  of  the 

O  sj  cl 

elastic  constants  with  respect  to  stress  are  constants.  Recent  experiments 
on  aluminum,  copper  and  steel,  have  shown  that  the  temperature  dependence  of 
ultrasonic  velocity  in  these  materials  is  a  linear  function  of  applied  stress. 

The  slope  of  this  linear  relationship,  however,  is  to  be  different  in  different 
materials,  and  and  differs  according  to  the  relative  direction  of  stress  with 
respect  to  the  directions  of  propagation  and  penalization. 

-  v 

In  cider  to  obtain  qa.uit  i  t  at  i  \  e  dc  t  on;,  in  at  i  or.  of  the  dc~ri\  alive  ;  -  _v— -  , 

c  r  c  i 

a  computer  program,  was  developed  to  compute  the  value  of  the  uuantit)  r-v,/Scci 

X 

for  a  giver,  values  of  the  second  - ,  third-  and  fourth-order  elastic  constants  and 

their  d  e  ri  vat  i\  es  kit  h  re  spec  t  t  c  stress.  in  e  ] » i  og  r  an.  :  s  ha  s  ed  or;  N  ew  t  on  '  s 

"'b 

backward  difference  formula  for  polynomial  approx im at  ion*"',  which  does  not  give 

the  exact  differential  but  rather  an  approximate  differentiation  of  the  function. 

The  accuracy  of  the  program  was  tested  for  functions  of  known  derivatives,  and 

the  results  of  the  -rivatives  at  given  values  of  the  function  were  found  to  be 

equal  to  those  of  the  exact  solution  within  0.1V . 

The  second-  and  third-order  elastic  constants  of  aluminum  single  crystals 

obtained  by  Thomas  along  with  the  value  of  the  four :h-order  elastic  constants 
1 2  2 

±8b.S  x  10  dyne/cm"  obtained  from  th'  temperatu1^.  dependence  calcuations  are 

V  r 

used  to  evaluate  ^ ^  *  Also  the  values  of  the  stress  dependences  of  the 
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a p; '  1  i  ec  ] •<.*  i  * ><_■ 


r* 


second -order  elastic  constants  ;  ,  -  T"'--  and  ,  ■—  i\.j  .stu'>> 

- 

dicular  to  propagation,  obtained  by  Tho-ns^  are  used  ir.  t Vic  oanputci  pru^rar- 
calculate  -- — Ihese  values  for  stress  applied  in  tension  are  +1.0',  0.01 

JC  c  J 

and  -2.4o  respectively.  The  value  -0.61  is  the  average  of  -0.32  and  -0.90 


out  a  ine 

d  VMth 

stress  applie 
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*;  v  a  1 
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d  e  r  i  v  a  t 

i  vt  •. 

w  -  (’*i:  * 

,  r  - .  err./  s  .  h  ^  , 

'tv  ^3 11 
noth  — a 

no  -- 

1111 

... — —  ^ ;  (_-  eu u a 

1  v  .  —  >.  *S  j  ,  C  i  . 

uyne;  cr. 

te  zero 

.  Also 

chancing  the 

.  ^  1 1 1 
value?  o:  — - 

aC 

,  hC1  1 1 1 

a  no  — - - bv 

oC 

±30\ 

changes  tnc 

value  of  the  derivative  bv  1 2  3 V .  Table  1  contains  the  values  of  — — --at 

cC  0 

1 1 1  **-1111 

o  C  oC 


different  values  of 


-15- 


2.  Copper 

1'hc  second-  and  the  third-order  elastic  c.'!>tints  of  single  crystal  a'jycr 

have  been  measured  by  Hiki  and  Granato^  .  Hie  \  allies  obtained  are  =  1.6(>], 

Cf  =  0.251,  C44  =  (•.“’SC-  and  -  -12.“1  in  units  of  10^  ""dynes /cir." .  Also  the 

temperature  dependence  of  ultrasonic  longitudinal  velocitv  l*\\  /  VI  in  Cl 'A  1  10 

> 

po  1  y  e  ry st  a  1  1  i  ne  copper  has  been  measured  by  Snlama  and  Iing^.  i*he  results 


obt 

i  n 

od  OI. 

!'  t  ■>.  I  spec  ir-ep.s  a\eraged  a  \al 

\ie*  of  - y 1 .4 S o 

5*  pi '  c  , 

1  for  -  5v  ;?l. 
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i  t 
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turc  dependence  of  the  second-order  elastic 

const 

ants  of  single 

c  ry 

st  a 

Is  of 

Co 

ppor. 

The  values  of  the  stress  dependence  of  the  second-order  elastic  constants 

C^,  C'  and  in  copper  were  calculated  using  the  measurements  of  Hiki  and 

20 

Granato  ,  and  found  to  be  dC^  j/dc  =  -0 . 66 ,  dC’/dc=  -1.17  and  dC^/dc  =  1.41  for 

tensile  stress,  tach  of  the  values  of  dCf/dc  and  dC,./dc  are  the  average  of  the 

44 

values  obtained  on  three  different  combinations  of  stress,  propagation  and  polari¬ 
zation  directions.  Rach  of  these  two  quantities  depend  strongly  on  the  relative 
orientation  of  the  direction  in  which  the  uniaxial  stress  is  applied  with 
respect  to  the  polarization  direction.  Using  these  values  along  with  those  of 


-14- 


the  second-,  third-  .inJ  fourth-order  elastic  ujr-.st^nts  of  copper  ir.  the 

-v 

comratci  program  to  obtain  the-  derivative  A-  {  -r^— )  ,  a  good  iina-mut  between 

d  I 

theory  and  experiment  for  this  calamity  is  obtained  uith  -  b  and 

v\  -8 

.  .../ac  =  SO.  The  calculated  value  ot  —  is  found  to  be  0.129  x  10 
i  I  1  1  c  1 

■> 

cr./s . h  /Jyne/crrT ,  while  that  obtained  n  on  measurement  s  of  the  temperature* 
dependence  of  ultrasonic  \elocity  as  a  funct ion  of  applied  stress  is  equal 


to  0.12a  x  i0“" 


c  in/  s  .h/dvne/cn~  .  These  values  art  a  factor  of  20  smaller 


:  bar.  t  Inst  obtained  1 r.  a  1  urn  inum .  Nevertheless,  the-  values  of  the  stress  oepeiu 

^:111  ,  ,  ‘Mill 


of  the  third*  arid  fou rt h -orde r  clastic  constant: 


a  Ui 


80  oh 


o  * 


t  .iliieei  iii  eojj-cr  are  of  the  same  r  'aictaui  as  of  1(:  and  100  computed  for 


*^1  i  1 


-  1 1 1  I 


respectively  in  aluminum.  Contrary  to  aluninur.,  however 


the  calculated  value  of  the  slope  of  the  j  el  at  iorship  between  the  temperature 

-v 

dependence  of  the  longitudinal  velocity  ~  and  applied  tensile  stress  c  ,  i: 

r*  J  . 

hCj  }  ]  ^  1]  1  1 

found  to  be  sensitive  to  the  values  used  for  -  and  , - .  Table*  11 

C  J  o  J 

c’  v  } 

list?  the  calculated  values  of  —  in  copper  using  different  values  of 


oC  c  1 


'111 


c*L 


and 


1111 


alone  with  the  same  values  of  the  second-,  third-  and 


c c  oc 

fourth-order  elastic  constants  and  the  stress  derivatives  of  the  second-order 


;  cnee* 


elastic  constants. 
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